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AS-503A/AS-504A REQUIREMENTS FOR THE RTCC: REENTRY PHASE

By Jemes W, Tolin, Jr., Oliver Hill,
Jon C. Herpold and Joseph E. Rogers

SUMMARY AND INTRODUCTION

Presented in this internal note are the real-time program require-
ments for the reentry phases of the AS-50% and A§-50hA.missions. The
primary mode of reentry trejectory control will utilize the guidance
and navigaetion (G&N) system onboard the spacecraft. However, should
there be a G&N failure, there are several backup reentry modes availl-
able,

The backup modes may utilize the entry monitoring system (EMS) for
ranging or may be based on manual open-loop control of the spacecraft
bank angle by the flight crew. The recommended displays and real-time
computations required to support these reentry modes for AS-503, AS-50LA,
and subsequent missions are presented in this document.

PRIMARY GUIDANCE REQUIREMENTS

The baesic Apollo reentry guldance end navigetion is presented in
reference 1. Some pheses of the reentry guidance flow logic of ref-
erence 1 are still in the developmental stages and may be updated at
a later date. The current Apollo reentry guidance flow logic is pre-
sented in figures 1 through 13 of this internal note. The definitions
of the reentry guidance veriebles are presented in table I. The gui-
dance gains snd constents are presented in teble II, and the final
phase reference trajectory is presented in table IIT. )

The navigation for the resl-time program is to be obtained from the
real-time processor integratlion packege. The total serodynsmic sccelera-
tion, D, used in the targeting phese (fig. 4) is also to be obtained
from this integretion package. The average-g navigetion computation t
(fig. 2) end the D computation are included in order to present a more
complete document.
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The initialization phase of the program is presented in figure 3.
The psrameters Q7 and L/D must be initiaslized to accommodate s branch
to KEPL from INITROLL (fig. 5) for s slow-speed reentry. Q7 is set equal
to Q7F and L/D is equated to LAD (cos BETA), where BETA is the command
module (CM) bank angle at reentry interface. The parameter FACTOR
must be initiamlized at 1.0 to insure the correct computaetion of L/D in
the UPCONTROL phese in the event of shellow, high-speed reentries. The
unit target vector, URTO, is the initisl target unit vector end must be
computed from the longitude snd geodetic latitude of the desired splesh
point. The time increment, TN, is a constant sdded to the current
flight time in order to obtsin 2 nominsl time of flight from lift-off
through reentry.

The real-time computer program must have sn override which permits
arbitrary selection of the complete reentry guidance or only the finel
phase of the reentry guidence. This can be obtained by placing e switch
at the V-VFINALl logic in the initial roll phase, figure 5.

The Real-Time Computer Complex (RTCC) must have the capability of
receiving an update of the targets, trim serodynamic characteristics,
entry state vector, and lateral blas during the missions. The flight
controllers must have the option of selecting the initiasl reentry bank
engle of the CM,

The function of the lateral bias term 1s to simulate the aerodynamic
rotation of the lift vector which results from & leteral center-of-
gravity offset. The magnitude of the lateral bies (CGBIAS) term is com-
puted from the equation

CGBIAS = ten™l L&
Zcg

where Ycg end Zcg are given in CM body coordinates. The positive X-body
axls 1s elong the center line and through the apex of the CM, the posi-
tive Z-body axis is normal to X-body and in the general direction of the
1ift vector, and the positive Y-body completes the orthogonal set of a

right-hand system. The calculated bank angle (p) which goes to the

integrator must reflect the CGBIAS term; il.e., B = B + CGBIAS,

p—— R
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DIGITAL AUTOPILOT SIMULATION

Figure 16 presents the detailed flow logic for the roll channgl of
the CM reentry digital autopilot (DAP). The DAP is explained more fully
in reference 4, from which the basic flow was taken.

The DAP simulation implements the roll commands issued by the reentry
guidance logic every 2 seconds. The only inputs necessary are the roll
command from the reentry guildance (delayed by one second), the trim angle
of attack, and the initial spacecraft bank angle. Since the roll command
to the DAP is delayed by 1l second, the logic implements the command generated
at time (T) during the time interval (T + 1) to (T + 3). The spacecraft
bank angle is the same as specified in the previous section. The flow,
as shown in figure 16, will process the logic at O.l-second intervals and,
as such, will make lO individual cHlculations of the pertinent varisbles
during the first second of each 2-second interval before exiting the
“ routine to return immediately for the second second of the 2-second time
interval. Outputs from the routine include bank angle, body roll rate,
stabllity roll rate, and CM-RCS fuel usage.

All switches have initial vaelues of zero except LATSW, whose
. initial value is l. As indicated in the flow, SWTCH2 must be set equal
to zero each time a new roll command is genersted by the reentry guild-
ance in order that the paremeters be reinitialized.

The DAP roll loglc is designed to calculaste a delta time inter-
val (T1l) to fire the CM-RCS engines to drive the spacecraft to the
commanded attitude. This value of Tl that is calculated is based on s
roll rate that is proportional to roll asttitude error. In eddition,
. time intervels TOFF and T2 are calculated which, respectively, represent
a coast time and a time to fire the opposing jets to reduce the roll
rate to approximately zero as the spacecraft esttitude approaches the
roll command.

~ All constents were teken from reference 4 with the exception of
the acceleration about the CM X-body axis which was tsken from reference 5,
Teble IV presents the definition of variebles used in the DAP simulation,
and teble V shows the DAP gains end constants.

ENTRY MONITORING SYSTEM

The entry monitoring system (EMS) provides the crew with the cap-
ability for corridor verification snd reentry monitoring end backup
renging. It provides a display of load factor (g) versus inertial
velocity (V) on e scroll marked with offset and onset curves which
enables the crew to monitor the reentry trajectory end aild in perform-
ing a sefe menual entry. In case there is a failure in the primary G&N




system either before or during reentry, the EMS cen be used as »
reentry display for the beckup mode for manusl trejectory control.

The EMS is initialized by the flight crew inserting the inertisl
velocity end the inertiel renge-to-go values into the IEMS prior to
reentry. The inserted deta corresponds to the 0.05-g point in the
reentry trejectory. These quantities are made svsileble to the crew
by volce communications from the ground. The primary method for ini-
timlizatlon 1s to compule the inertial velocity end inertiel resnge-to-go
using the RTCC reentry simuletion program. The EMS begins opersting
when it senses & load factor of 0.05 g + 0.005 g or when it is menuelly
asctuated. The following procedure 1s to be used to determine the ini-
tial conditions: )

l. Determine the inertisl position and velocity et the 0.05-g
point in the reentry trajectory.

2., Using the state vectors at 0.05 g, continue the velocity
“integretion for a gulded or backup entry trajectory with:

where
Vb = velocity at 0.05 g

= inertial velocity

= sensed aserodynamic acceleration along the longltudinal body

vV
K, = 0.935 ( a resolution factor)
AX axis '

tf = time when the altitude decreases to 25 000 £t

t0.05 g = time at 0.05 g

g = 32.17h ft/sec2

3+ Using the velocity from the above equation, calculate the
inertial range-to-go by

te

R, = 0.000162/ Vdt
%
0.05 g
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where

Rf = inertlal range from 0.05 g to %

above an oblate earth

f

0.000162 is the conversion factor to obtain range-to-go in nautical
miles.

The quantities VB and Rf are transmitted by volce link to the

flight crew for EMS initialization. Figure 14 presents a block diagram
of the EMS initialization steps. The inertial velocity will be cal-
culsted in feet per second, and the inertial range-to-go in nautical
miles. These quantities and the time of the 0.05-g point will be dis-
played in the Mission Control Center (MCC) to the flight controller for
relay to the crew.

BACKUP ENTRY MODES

The mission support for the AS-503 and AS-504A reentry phases is
to be designed to encompass all reentry speeds from earth orbital to -
lunar return and time-critical asbort reentry speeds. Therefore, it is
necessary to devise a backup entry mode which will satisfy the safe .
entry requirements for this range of velocities. The RTCC must be pro-
grammed to provide the flight controllers with the option of selecting
a backup reentry mode as opposed to a guided (closed-loop) reentry mode.

'The fundamental basis for these backup modes is manual attitude control

of the CM lift-vector orientation. The selection of the proper routine
to be used is basically a function of three parameters:

1. amount of degradation in the spacecraft systems
2. 1inertial velocity at reentry
3. inertial flight-path angle at reentry

" Figure 15 presents a flow diagram containing three possible backup
modes. At reentry interface the spacecraft is banked to an angle defined
by k,, a manual entry device (MED) quarmtity (normally 0° or 180°). The

bank angle 1s then held constant until the "g" level is greater than
B The parameter gc may be defined in one of three ways: (1) an

MED quentity, (2) the first meximum load factor encountered during re-
entry, or (3) a g level which produces a maximum load factor equal
to X g where X is an MED parsmeter. When the g level is greater than

g.» any one of the three subroutines may be entered depending upon the

value of KSWCH, which is also an MED parsmeter.

T




The basic program described above is designed to shape the high-
speed reentry trajectory and prevent skipout. It accomplishes this
by controlling the bank angle as a function of the losd factor. This
will enable the flight crew to avoid a possible skipout during reentries
from high-speed abort conditions. :

The subroutines which may be selected by setting KSWCH to a value
of 1, 2, or 3 are described as follows:

Subroutine 1 is a bank - reverse-bank routine. Bank angle, k3, and
time-to-reverse bank angle, trB’ must be entered through the MED, At

some time, in the reentry trajectory a reverse bank angle maneuver

t
rB’
is executed. There 1s no target position specified, and each maneuver
is done only once. Aside from the bank anpgle reversal there 1s no
cffective cross-range control in this subroutine. By setting the time-
to-reverse bank angle to & large number, it is also possible to fly a
constant bank angle to splashdown.

Subroutine 2 shapes the trajectory by minimizing the cross-range
and down-range errors to reach a specified target. The routine iterates
on a bank angle and time-to-reverse bank angle required to reach a
specified target. It should be noted that this subroutine cannot be
used if = is determined by the third method.

Subroutine 3 generates a rolling reentry with a roll rate of 20
deg/sec about the X-body axis. There 1s no trajectory control end no
specified target.

The RTCC must have the capability of entering subroutines 1, 2,
and 5 directly. This can be done by specifying g, equal to zero.

The backup reentry program may serve additional purposes 1f desired.

It is capsble of computing the zero-1lift and full-lift impact points (IP).
Should one of these backup entry modes be employed rather than using

the EMS to fly the reentry, the EMS could be used to monitor the flight.

RTCC DISPLAYS

The following is a partlal list of recommended digital displays

for missions AS-5035 and AS-504A. These displays are 1llustrated in
figures 17 through 21,




1. Retro High-Speed Entry Digitals (fig. 17)
2. Retro Elapsed Time Display (fig. 18)

3. Retrofire Digitals (fig. 19)

4, RFO Entry/Mode III Digitals (fig. 20)

5. Guidance Entry/Abort Digitals (fig. 21)

With the exception of figures 17 and 18, the displays are the same as
those recommended for mission AS-258.

In addition to the display parameters recommended for AS-258, sev-
eral additional display quantities will be necessary for the AS-503 and
AS-504A missions in order to support a high speed reentry. These ad-
ditional quantities are defined in reference 3. Figures 17 and 18
represent the proposed display format for the edditional parameters.
Flgure 1T represents & new display not used for AS-258, and figure 18
represents a reformated AS-258 display. The definition of abbreviations
used in the displays can be found in table VI. An additional display
of telemetry quantities is belng formulated at the present time and
will be documented at a later date.

In addition to the above digital displays, several limit-line
digital TV displays will be required. These requirements are not
completely defined at the present time, but a requirement for three
displays has been defined. These three displays would consist of one
plot each to support high-speed reentry using primary guldance, high-
speed reentry using backup trajectory control, and low-speed reentry.
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Varisble
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URT

UNI

DELV

AHOOK

AO

TABLE I.- VARIABLES FOR REENTRY GUIDANCE
. Definition

initial unit target vector
unit wvector north
velocity vector
position vector
inertial velocity vector
vector east at initiael target
vector normal to RTE and U2
target vector
unit vector normal to trajectory plane
integrated acceleration from PIPAS
‘gravity vector
term in GAMMAL calculation
initial drag for upcontrol
constant for upcontrol
Kepler range
final phase range
up-range
gamma correction
range down to pull up
predicted range

cosine of GAMMAL

e Re
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TABLE I.- VARIABLES FOR REENTRY GUIDANCE - Continued

Variables

D
DO
DHOOK
DIFF
DIFFOLD
DR
DREFR
DVL

E

F1

F2

F3
FACT1
FACT2
FACTOR
GAMMAL
GAMMALL

KA

K1ROLL

K2ROLL

Definition

total aerodynamic acceleration

controlled constant drag

term in GAMMAL computation

THETNM-ASP (range difference)

previous value of DIFF

previous value of down control

reference drag

VSl - VL

eccentricity

3 range/d drag (final
3 range/d RDOT (final

? range/d L/D

phase)

phase)

constant for upcontrol

constant for upcontrol

used in upcontrol

flight-path angle at VL

simple form of GAMMAL

drag level to initiate constant drag

steering

parameter used in calculation of roll

command

parameter used in calculation of roll

command
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TABLE I.- VARIABLES FOR REENTRY GUIDANCE - Continued

Variables

LATANG

LEQ

LEWD

L/D

L/D1

PREDANG1

PREDANG2
PREDANG3

PREDANGL

QT

RDOT
RDOTREF
'RDTR
RDTRF
ROLLC
RTOGO -
SL

T

11

Definition
lateral range

excess centrifugal force over gravity:
= (VsQ - 1) GS

upcontrol reference L/D

desired lift-to-drag ratio (osculating
plane)

temporary storage for L/D in lateral
logic

partial derivative of range with
respect to L/D

reference range from final phase table

final phase range perturbation due
to drag

final phase range perturbation due
to RDOT

predicted range (final phase)
minimum drag for upcontrol
altitude rate

reference RDOT for upcontrol

reference RDOT for downcontrol
reference RDOT from final phase table
roll command

rénge-to-go (final phase)

sine of latitude

elapsed time from lift-off
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TABLE I.- VARIABLES FOR REENTRY GUIDANCE - Concluded

Variables

TEMIB
THETA

THETNM

V1
V10LD
VCORR
VL
VREF
VSl
VBARS

vsQ

Definition
incremental value of L/D for upcontrol
desired great circle range (radians)

desired great circle range (nautical
miles) :

velocity magnitude

initial velocity for upcontrol

previous value of V1

velocity corrected for upcontrol

exit velocity for upcontrol

reference velocity for upcontrol

VSAT or V1, whichever is smaller
(VL/VSAT)?

normalized velocity squared: = (V/VSAT)2
earth rate times time

intermediate variable in G-limiter

.lateral miss limit




TABLE II.- GUIDANCE GAINS AND CONSTANTS

Symbol

Value

~ Entry constants and gains

Factor in ALP computation

‘Constant gain on drag

Constant gain on RDOT

Bias velocity for final
phase start

Maximum drag for down-1lift
Factor in AHOOK computation
Factor in GAMMAL computation

Drag for changing values
of LEWD

Computation cycle-time
interval

Maximum acceleration

Factof in KA computation
Factor in KA computation
Factor in DO computation
Factor in DO computation
Optimized upcontrol gain
Optimized upcontrol gain

Increment on Q7 to

c1

16
C17
c18

c20

CHOCK .

CH1

pe

DT

GMAX

KA3
KAL
KBl

KB2

detect end of Kepler phase KDMIN

Lateral switch gain
| ,

KLAT

1.25
0.01

0.001

500.
175.
0.25

0.75

175.

322,

103

0.
Lo.
3.k

0.0034

0-5

0.0125

Units

n.d

1/fpss
1/fps

fpss

13
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TABLE II.- GUIDANCE GAINS AND CONSTANTS - Continued

Symbols Value Units

Time of flight constant o KTETA 1000, sec
Nominal time of flight TN - 500, : sec .
Constant in FINAL PHASE K13P L. - n.d.
Maximum L/D [minimum actual . . )

vehicle (L/D] LAD 0.3 n.d.
LAD cosine (15 degrees) : L/D CMINR’ ‘0.2895._ -‘ n.d.
Upcontrol L/D: ‘ . LEWDl 0.1 n.d.

LEWD2 0.2 n.d.

Final phase L/D ' LoD 0.18 n,d.
Factor to reduce upcohtrol

gain POINT1 0.1 n.q4.
Final phase range - 23 500 Q3 'Q2 -1002  n. mi.
Final phase D range/DV Q3 0.07 n. mi./fps
Final phase D range/D GAMMA Q5 7050 n. mi./red
Final bhase initial ' ;

flight -path angle Q6 0.0349 rad )

Constant in factor - QTMIN | 50> | fpsé
Minimum drag for upcontrol QTF 6 - fpss
Constant in GAMMALL | \Qi9 | 0.2 n.d.
If V less than VSLOW, LEWD = 0.2 VSLOW 35 000 | fps o
Minimum VL .‘ vIMIN 18 000 fps
Velocity to switch to relative . : o

velocity VMIN VSAT/2 fps
RDOT to start into HUNTEST  VRoowTRL 700 fps




TABLE II.- GUIDANCE GAINS AND CONSTANTS - Continued

~ Tolerance to stop range
iteration

Lateral switch bias term

Velocity to stop steering

Initial attitude gain

Velocity to start final
phase on INITENTRY

Factor in initial attitude

Maximum value of VCORR

Entry conversion factors and scaling constants

Angle in RAD to NM

Nominal G value for
scaling

Atmosphere scale height
Earth radius

Satellite velocity at RE
Earth rate

Equatorial earth rate

Gravity harmonic
coefficient

Earth gravitational constant

Symbol Value
25NM 25.
LATBIAS .00012
VQUIT 1000
Khk 105 x (lg

VFINALL 27 000

VFINAL

26 600

VCORLIM 1000

ATK

GS
HS
RE
VSAT

WIE

3437.7468

32.2
28 500
21 202 900

25 766.1973

72.9211505 x 10 ©

1546.70168

.00162345

3.986032233 x 101*%

red)? £t
sec sec

15

Units

rad

fps

fps

fps

rad/sec
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Switches

EGSW
GONEPAST
HIND
HUNTIND
INRLSW
RELVELSW
LEWDSW

LATSW

- TABLE II.- GUIDANCE GAINS AND CONSTANTS - Concluded

Initial Value

Final phase swifch : Q
Indicates overshoot of target | 0
Indicates iteration in HUNTEST 0
'Iﬁdicates pass thru HUNTEST - : 0
Indicates initial roll attitude set 0]
Relative velocitj switch | 0
Use LEWD = .2 if set = 1 - 0

Inhibit downlift switch in DAP if set = 0 1

e

e T
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TABIE IV.- DEFINITION OF VARIABLES FOR FIGURE 16

Varieble Definition !
BACC body acceleration | .
BETA \ spacecraft bank angle
BRATE body roll rate ‘
BRR pseudo body roll rate
FUEL fuel used by RCS
JNDX, JNDX1 _ direction| of roll flags t
RAE roll attitude error
RAEDES desired roll attitude error ;
ROLICD | roll command |
ROLICDL roll command storage
SACC stability acceleration
SRATE 'stability roll rate
TEM temporary storage
TOFF coast time
Tl time to fire jJets
T2 time to reverse firing i 4
T3 ) temporary storege -}
Th . temporary storage

VDRIF " drift roll rate
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TABLE V.- DAP GAINS AND CONSTANTS FOR FIGURE 16.

Symbol Velue Units
ANGMAX ' 20.0 deg/sec
Al ’ 8.0 deg/sec2
A2 4.55 deg/sec2
KLAGL - 0 : -——-

. KLAG2 . 0 -——
KLAG3 ) 0 | -
M 0 -
RAEMIN | 4,0 deg
SIOFE . 0.25 sec™t
SWTCH1 : 0.0 ‘ ———
SWTCH2 o 0.0 R
SWTCH3 © 0.0 -———
TIMINT 2.0 sec
TMAX 0.1l sec
VZ 2.0 deg/sec

XS 2.0 deg




TABLE VI.- DEFINITION OF VARIABLES FOR FIGURES 17 THROUGH 22.

AGC
AREA

BANK

BC
BN/ENT Code
BT

CLA

CM WT

ENT Code

EP

GETBBO-GETBOI

GETCO
GETDD

GETEBO-GETBOE

Y

GETEI-GEThOOK

GETI

GETIC
GETMD
GETPI
GETRB

GET.O5g

“altitude)

command module computer (Apollo guidence computer)
planned landing area .

backup benk angle

burn code

burﬁ and entry code

totel SPS burn durastion required for deorbit
contingency landing area

Commsnd module weight .

type of entry profile being generated
primary entry profile

ground elapsed time at beginning of communicetions
blackout

ground elapsed time of SPS cutoff

ground elapsed time of drogue deploy

ground elapsed time at end of communications blackout

ground elapsed time st reentry interface (400 000-ft

SN C € b e o i e e e Gt e e i ey e et e G e S e S v G L R Pty Lo iy

ground elapsed time of SPS ignition . ‘ A

ground elapsed time of touchdown

ground elapsed time of main chute deploy !
ground elapsed time of retrofire ignition
ground elapsed time to reverse bank

ground elapsed time of .05 g
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GMTI - Greenwich mean time of retrofire
H altitude above geodetic earth at retrofire
MAN manual
MATRIX REFSMAT used
MAX G maximum load factor
MISS miss distence of IP from target
NO telemetry value of noun in command module computer (CMC)
PLA 1 plenned landing area
PRE preburn
' PROG telemetry value of prograsm being executed by CMC
PST ‘ postburn
PI IMU pitch gimbsl engle at retrofire
PI-RB IMU pitch glmbal sngle st RETRB
PI-Sep MU pitqh gimbel engle et CM-SM separation
PI Xg IMU pitch gimbal sngle et Xg's
P LOOk ' IMU pitch gimbel angle at 40O 000-ft altitude.
PH - PLH pitch angle in local horizontsl system at retrofire.
P, SEP local horizontsl pitch attitude at CM-SM seperstion '
QT +’KDMIN " dreg at start of second reentry guidance
Rl’ RE’ R3 . | CMC telemetry values of the 3 DSKY registers
RETBBO1 RET of first begin communications blackout
RETBBO2 RET of second begin blackout -
RETD-RETDD elapsed'time from retrofire initiate to drogue deploy

RETEBOL ~ ERET of first end blackout
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RETEBO2
RETEI

RETEMS

RETGIHS

RETIC

RETM - RETMD

RETMAXG
RETRB
RETSEP

FET) ook

RET .05G

RET .2G

XG
RNGEMS

(Rp - RT)GI
R .05G

RT) 00k
Ry - Ry
RO

R. RB

R SEP

R X

RET of second end blackout
RET et reentry interface (h00k feet sltitude)

RET of X altitude. Point where CMC computes the EMS
initializetion '

RET of reentry guldance initiste for high speed reentry
elapsed time from retrofire initiate to touchdown

elapsed time from retrofire initiste to main chute
deploy

RET of maximum g
elapsed time from retrofire initiate to reverse bank
elapsed time from retrofire initiate to CM-SM sepsration

elapsed time from retrofire initiate to 400 000-ft
altitude

elapsed time from retrofire initiate to .05 g
elapsed time from retrofire initiaete to .2 g

RET of manually input g level
range as computed by the onboard computer for EMS
initialization

predicted minus actusl range to target at start of
second entry guidance

range to the target at .05 g

inertial range to the target at L4OO 000-ft altitude

roll angle at retrofire referenced to the locel
horizontal reference frame

IMU roll gimbal angle at retrofire initiate :

IMU roll gimbal angle at RETRB

>,

<

MU roll gimbal anglé at CM-SM separstion

IMU roll gimbal angle at X g
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RO LOOK IMU roll gimbal engle at 400 000 ft altitude

(RP - RT) .2g predicted range minus sctusl range to the terget es
computed by the onboard computer at .2 g

STA ID station ID

" TAR true enomaly

TFF , time of free fall to 40O 000 ft altitude

TRK . tracking

UaT SPS ullage burn time

VB telemetry value of verb in CMC

Ve ’ velocity to be gained slong X-body axis (including

ullage but not tailoff)

Vor = Yook inertial velocity at reentry interface (LOO 000-ft
altitude)
VEMS velocity as computed by the onboard computer for EMS
initialization
V .05¢g inertial velocity at .05 g
VCX (XaV) X component of veloclty to be gelned et the centroid
of the SPS deorbit burn in the local horizontal
reference frame
VCY(XAN) Y component of velocity to be gained at the centroid
of the SPS deorbit burn in the local horizontal
reference frame :
VGZ (XAV) Z component of velocity to be gained at the centroid
- of the SPS deorbit burn in the locael horizontal
reference frame :
VL skip velocity as computed by the commend modple computer
VT : total velocity at retrofire initiate
WT weight
YM IMU yaw gimbal angle et retrofire initiete

O
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Prook

IP

Mgr *
M1, 2
Mg, 1
-

IMU yaw gimbel angle at RETRB

IMU yaw gimbal angle at CM-SM separation
IMU yaw gimbal engle at X g r

IMU yaw gimbal engle at 400 000-ft altitude

yaw engle in locel horizontal system at retrofire

inertial geocentric flightpath asngle et reentry
interface (40O 000-ft altitude)

geodetic letitude of touchdown

geodetic letitude of zero-lift IP for first reentry
footprint :

geodetic letitude of zero-lift IP for second reentry
footprint . :

. .
geodetic latitude of maximum-lift IP for first -
reentry footprint

geodetic latitude of maximum-1lift IP for second
reentry footprint

geodetic latitude of target
geodetic latitude at 40O 000-ft altitude
longitude of touchdown point

longitude of zero-lift impact point for first
reentry footprint

longitude of zero-lift impact point for second
reentry footprint

longitude of meximum-lift impact point for first
reentry footprint

longitude of maximum-lift impact point for second
reentry footprint

longitude of touchdown point
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longitude at 40O 000-ft altitude

miss distance in_terme of delts latitude
miss distance in terms .of delte longitude
total AV

burn time
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NAVIGATION

Y

INITIALIZE REENTRY

—
TARGETING
MODE
SELECTOR
i ! } \ i
INITIAL BALLISTIC FINAL
ROLL HUNTEST UPCONTROL PHASE PHASE
(KEPL) (PREDICT 3)
r , |
CONSTANT
DRAG "G LIMITER"

LATERAL LOGIC

OUT WITH
ROLL COMMAND

i

SCS

Figure 1.~ Reentry steering.
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F

READ AND CLEAR PIPAS

SAVE VEL INCREMENT . - E
AS DELV

TEM=VI+AT§2—-_+§%L—V A |

R =R+ATTEM

R = ABVAL (R)_ |
SL=UNIT (R " 0z :

G MU RE ' - RE -
G MUl 4y (—)2(1-5 sL2) uNiT ® + 2 SL (—)2 Uz
2 2 R \R
2R .
— NASA - MSC - FOD
Gi=T DELV G MISSION FLEMNIMG & 0% o ooy
. : Vi=TEM + + AT E) MISSION ANALYGIS Gt : -
Piot No, . dauTi S
DU UR——
NDate ..ozlo=uul .. ve lidili e aemt
>

Figure 2.- "Average - g" navigation.




29

(lNITIALIZATIO@

RTE = Uz ¥ URTO
UTR=RTE % U7
WT=WIE(TN+T)

RTINT = URTO + UTR (COS(WT) - 1) + RTE SIN (WT)

THETA = COS-1 (UNIT (R)+ UNIT (RTINT)
K2ROLL = -UNIT (RTINT) - -UNIT (V) % UNIT (R)
K2ROLL=1 SGN (K2ROLL)

|

FACTOR=1.0
Q7=Q7F
L/D = LAD COS(BETA)

l

SELECTOR = INITROLL

|

TARGETING

% INDICATES VEC:TOR CROSS PRODUCTS

Figure 3. - Initialization.
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(IS RELVELSW ZERO?

YES NO . v .
V =VI - KWE UZ *UNIT ®R)

Y | ’ .

]
_S_I_I—

V_ = ABVAL (VSZ
' VSQ=VS/ VSAT
. LEQ = (VSQ-1) GS_
- RDOT =V - UNIT (R)
TNE = UNIT [V =uNIT (B
D = ABVAL (DELV)/DT
LATSW=1 - -

NO
@RELVELSW zsao@--» WT=WIET

YES

Qs EGSW ZERO?)

NO ’YES

V WT =WIE (KTETA THETA + T)

Gs V-VMIN PosD

NO,

RELVELSW=1 YES

[ i

WT =WIE <_-———RE THETA +T>

\ Rl

URT = URTO + UTR ((COS WT) -1) + RTE SIN WT.
LATANG = UNIT.

_I(I_URT y- TN -
THETA = COS ~L[UNIT ( URT )+ UNIT (R)]

!

GO TO MODE SELECTOR

MATJA . MGC . FOD
MINGION PLANNING & AN2LYCIS DIVISION
WISION ANALY S BRAICH

Plot No. - deab . —_—
D.te .. 3=lB=bhi_ .. e bt 9, i

- "Figure 4,~ Targeting, ~ '~




IS INRLSW 0 *
YES Y Y NO
IS D-.05g POS ? IS D-KA POS }_
YES | | NO YES Y NO
INRLSW = 1 GOTO 310 L/D = -LEQ/DO + C16 (D-DO)
-C17 (RDOT + 2HS DO/V)
]
KA=(KAL '-EQ) +KA2) GS 7
, Qs RDOT + VRCONTRL NEG )
{ YES Y NO ¥
IS V-VFINALL NEG *
\ GO TO 310 SELECTOR = HUNTEST
YES ¥ NO ¥ *
SELECTOR=KEPL DO = KA3 LGESQ“L KA4
GO TO HUNTEST
! V-VSLOW POS *
GO TO 310 NO Y
YES
LEWDSW = 1
[ ]
3
CIS V-VFINAL + K44(RDOT/V)>POS )
NO Y YES ¥
L/D = LAD L/D = -LAD

| GO TO 310 jwt—r

Figure 5. = Initial roll




( IS D-D2 POS

NO y YES :
IS LEWDSW=1 * |
NO Y YESY
LEWD = LEWD1 LEWD = LEWD2

| | Y

( IS RDOT NEG 2

NO Y | YES

V1=V +RDOT/LEWD

A0 = (VLA (D + RDOT2/(2 HS C1 LEWD)) | | A0 = (v1/W)2( + RDOTZ/(2 HS C1 LAD))

V1l =V+ RDOT/LAD

Al=D Al = AO
Y
IS HUNTIND ZERO ?>
NO YES
HUNTIND =1
| DIFFOLD =0
B ™| vioLb=Vv1 +C18 -
1 ’ Q7 = Q7F
Y .

Figure 6. - Huntest, » 4




ALP = 2 C1 AO HS/ (LEWD V1)

FACT1 = V1/ (1-ALP)

FACT2 =ALP (ALP-1)/A0

VL = FACT1 [ 1-SQRT (FACT2 Q7 + ALP) ]

\N
N

SELECTOR = PREDICT3

EGSW=1

]

GO TO PREDICT 3

IS VL -V j————Q - ) ;
“E‘( LMIN NEG — IS VL - VSAT POS ? 4;
| YES 0 ,

GO TO CONSTD |~a—r—

} N

x [vsi=wv1 I*— !

Y

(IS V1 - vSAT P0S?)
NO YES

VS1 = VSAT

DVL = VS1 - VL |
DHOOK = [(l-VSI/FACTl) - ALP ] JEACT?2

AHOOK = CHOOK (DHOOK/Q7 - 1) /DVL
GAMMAL1 = LEWD (V1 sVL)/VL

2

v

GAMMAL = GAMMALL - CH1 GS DVL2(1 +AHOOK DVL)
DHOOK VL2
|
N NO
(1S GAMMAL NEG ? )
VES |
VL=VL+ GAMMAL VL

2

- LEWD - (3 AHOOK DVL™ + 2 DVL) [CHl GS/ (DHOOK VL)]
Q7= [ (1 - VL/FACT1)

2 -ALP] JFACT2

GAMMAL = 0

]

!

GAMMALL = GAMMALL (1 -Q19) + Q19 GAMMAL

!
GO TO RANGE .PREDICTION |

Figure 6. - Concluded.




RANGE
PREDICTION

VBARS = vL2/vsaT?
COSG = 1-GAMMALZ/ 2

E = SQRT [1 + (VBARS - 2) C0SG2

VBARS]

1

ASKEP = 2 ATK SIN " (VBARS COSG GAMMAL/E),BALLISTIC RANGE

ASP1 = Q2+ Q3 VL . FINAL PHASE RANGE
ASPUP =%—EK—(HS/GAMMAL1 )LOG, [AO vL2/ta7 v12)1 UPPHASE RANGE
ASP3 = Q5 (Q6-GAMMAL) , GAMMA CORRECTION
ASPDWN = -RDOT V ATK/(AO LAD RE) "RANGE TO PULLOUT -

ASP = ASKEP + ASP1 + ASPUP + ASP3 + ASPDWN, TOTAL RANGE
DIFF = THETNM -ASP

(s ABS (DIFF) -25 NEG ? )

YES jro
IS HIND = ZERO ?
NO YES
] )
[SELECTOR = uPCONTROL| (is DIFF NEG 2 )
: [ NO Jes
{ covoupPcONTROL | {vcorr = v1 -vioup] [ piFFoLD = DIFF
T V10LD = V1
Y | GO TO CONSTD

_ VCORR DIFF
VCORR = (iFFOLD - DIFF)

IS VCORR -1000 POS ?)
YES | NO

IVCORR = 1000|

\
IS VSAT -VL -VCORR NEG ?)
NO YES

[ VCORR = vCORR/2]

]

V1 =V1 + VCORR
HIND =1
DIFFOLD = DIFF

j
[co 70 HuNTEST 1]

Figure 7.~ Range prediction




L/D=-LEQ/DO + C16 (D-DO) - C1 7 (RDOT + 2HS DO/V)

NO
» QS D-C20 POS'.D

‘ * YES

LATSW=0

NO
IS L/D NEG.? } _ ——

GO TO 310 |-

Figure 8. - Constant drag.
~
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UPCONTROL

NO
(15 v-v1 Pos » }—={Is p-q7 PoS

YES

YES [NO
|

RDTR = LAD (V1-V)

L/D=LAD + C16 (D-DR)
-C17 (RDOT-RDTR)

DR = (V/V1)Z A0-RDTRZ /(2 HS C1 LAD)

IS RDOT NEG, AND
V-VL-C18 NEG?

VES [NO
| SELECTOR = KEP2 |

IGO T0 NEGTEST'

'L GOTO KEP2 |

EGSW=1

SELECTOR = PREDICT 3| (IS A0-D NEG?)
GO TO PREDICT 3

NO YES
~
L/D = LEWD2
GO 70310

[VREF = FACTI[1-SQRT (FACT2 D + ALP)]]

I

(is VREF-vs1 POS 2

YES NO

]

[RDOTREF = LEWD (V1-VREF)]

RDOTREF = LEWD (V1-VREF)
-CH1 GS (VS1-VREF)?

1 + AHOOK (VS1-VREF)
DHOOK VREF

(1s D-Q7 MIN NEG 2)
NO

YES

| FACTOR=00-071tA1-07) |

|

| TEM18= -KB2 FACTOR [KB1 FACTOR (RDOT-RDOTREF) + V - VREF] |

6 [TEM1B] - POINT1 NEG ?

YES

I

NO

i

[ L/D= LEWD + TEMlB]

| 60 70 NEGTEST |

, Figure 9,- Upcont(ol.

[TEM1B = [POINT1 + POINTL (ITEM1BI - POINT1)] SIGN (TEM1B) t
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(IS D-(Q7+ KDMIN) POS? ) |

YES ' INO

EGSW=1 .
SELECTOR = PREDICT3 ~ MAINTAIN ATTITUDE CONTROL
(ZERO SIDESLIP AND ANGLE OF

ATTACK NEAR ITS TRIM VALUE)

|

GOTO ,
MODE SELECTOR OUT TO AUTO PILOT
WITH ROLL.,PITCH AND
YAW COMMANDS

Figure 10.- Ballistic phase r




ISV -VQUIT POS ?

YES ] NO

CIS GONEPAST ZERQ? GO-TO 380

YES f NO
1S (URT % ®) - ONI P09
YES NO
GONEPAST = 1
L/D = -LAD
GO TO GLIMITER
]

DON=1,2,3, -ecoveree M

I
IF VREF (N) -V POS

YES Y NO

GRAD = (V -VREF (M -1))/(VREF (M) -VREF(M -1))
F1 = FA(M -1) + GRAD (FA(M} -FAMM -1)

F2 = FRDT(M ~1)+ GRAD(FRDT(M) -FRDT(M -1))
RDTRF = IDTR(M -1) + GRAD(RDTR(M) -RDTRM -1))
DREFR = AREF(M -1) + GRADAREF(M) -AREF(M -1))
PREDANG1 = RTOGO(M -1)+ GRAD(RTOGO(M) -RTOGOM -1))
P =PP(M -1)+ GRAD(PP(M) -PP(M -1))

PREDANG 2 = F1(D -DREFR)

PREDANG 3 = F2(RDOT -RDTRF)

PREDANGL = PREDANG 1 + PREDANGZ2 + PREDANG 3.
X = (THETA ATK -PREDANGL)/P

L/D = LOD + K13P(X)

NO

—=1iF |K13 P 0| -1.0 POS])

4 G LIMITER L/D = LAD SGN (L/D)

Figure 11, - Predict 3.

YES

[ L/ =LAD seNo) |
J

I GLIMITER l




( ISG—MQA—X——DPOS?

VES * NO

GOTO310 GS GMAX -D POS ?)
NO] YES

L/D = LAD
GO TO0 310

X = SQRT [2HS (GMAX -D) (LEQ/GMAX + LAD) + (2HS GMAX/V)>]

(IS RDOT + X POS ?)

YES * NO
GO TO 310
L/D = LAD
GO TO 310

Figure 12, - G-Limiter,




Lo . : 3

L/D1=L/D | |

Y
IS GONE PAST ZERQ ?

YES ' NO N
Y = KLAT VSQ + LATBIAS

( IS ABS (L/D) - L/DCMINR NEG 9
NO - :
Y=Y/2
( IS K2ROLL LATANG POSS ?

N Y YES

YES

L/D1=L/DCMINR SGN(L/D)

’ .
Qs K2ROLL LATANG - Y Pos@
YES | 'NO

K2ROLL = -K2ROLL

!

LIGHT SWITCHLIGHT

! ! | YIE-SL~(L/131/ LAD )= SGN (L/D)
( IS ABS (L/ D1/ LAD)-1 POS 2 )
NO*
- .

ROLLC = K2ROLL C0S™* (L/D1/LAD) SWTCHZ = 0.0 ]

OUT TO AUTOPILOT WITH ROLL COMMAND ==

Figure 13, - Lateral control ,

o Sp——————




Wi

RADAR TRACKING
INERTIAL POSITION AND
VELOCITY VECTOR

¢

RTCC SIMULATION PROGRAM TO
CALCULATE INERTIAL POSITION,
VELOCITY AND TIME AT POINT
0.05¢g
v=vV

\%

0.059 ‘0

T0.059

Te
V=VY0.05¢" Kof AxdT
T0.05¢

T
R = 0.000162/ vdT
T

0.05g
Rf =0 at TF
DISPLAY TO FLIGHT CONTROLLER ASTRONAANUDTRD'fN'-TSO'N
¥0.054 AND By :’?A.SOIS:?)R INITfIAL
TO FURNISH TO ASTRONAUT BY V
OICE CONDITIONS

Figurel4 .- Ground initialization flow for EMS initialization.




L2

9 <9max

I
B =

'

kl-._____

(S (g-gc) POS?

NO

YES

I

KSWCH=1,2,3

|

I E
. ITERATE ON B AND

" tRB(TRAJECTORY SHAPING)
tRB K .

Figure 15, - Backup entry.

1E

B =20 DEG/SEC




ENTER ONCE
EACH SECOND OF
ITERATION TIME
. j —\ YES " INITIALIZE CONSTANTS
Qs SWTCH1 ZERO ) —
| NO 1, M=0
. 2. TIMINT=2.0
(lS SWTCH2 ZERO) 3, RAEMIN=4.0
4, VZ2=2.0 .
NO ¥ VYES 5. Al =8.00
6, A2=4,55
CALPHA = COS (ALPHA) 7. XS=2.0
SALPHA = SIN (ALPHA) - 8. SLOPE=0.25
SWTCH3 = 1.0 ~——— 9, ANGMAX = 20,0
10, TMAX=0,1
11, ROLCD1 =BETA
12, KLAGl1 =1
13, KLAG2=1
14, KLAG3 =1
SWTCH1 =1.0
A
<
M=M+1
, .
| .
3 IS SWTCH3 ZERO )
1 NO YES
SWTCH3 = 1,0
BRR = BRATE
JNDX =1
(B
\2/

Figure 16, - Atmospheric roll DAP flow logic,
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©

DETERMINE IF POINT
IS WITHIN DEADBAND

C IS |isRK| < VvZ

NO

O

YES

" IS RAE - RAEMIN-BRR - TIMINT NEG )

NO

CALCULATE ROLL ATTITUDE

ERROR DESIRED

RAEDES =RAE +BRR2/(2- A1)

JNDX1 =-JNDX

DETERMINE iF
THRUST TO
MAXIMUM VELOCITY
IS REQUIRED

(O
\4/

Figure 16,- Continued,

YES

T3 =TMAX
KLAG1=1
KLAG2=1
KLAG3=1
74=0.0
BACC=0.,0
SACC=0.0

|

of

Pag;s‘




ek,

( 1S RAEDES - ANGMAX / SLOPE POS )

NO

CALCULATE DRIFT
VELOCITY

‘vss

T1=(ANGMAX ~-BRR)/Al
T2:=ANGMAX /A2

VDRIF=SLOPE - (RAEDES -XS)

T1=(VDRIF-BRR)/Al

1S T1 POS ’

VES

T1=-Tl
JNDX =JNDX1

6

[TOFF=(2 +RAE- T1-(BRR+ANGMAX )~ T2- ANGMAX }/(2- ANGMAX )

( 1S T1 POS )

NO YES

[ T2=VDRIF /A2 ]

DRIFT AT
_PRESENT BRR

( 1S T2 POS )

NO YE

T2=-12 |

T1=0.0
KLAGL=1
T2=BRR/A2

TGFF=(2-RAE-T2: BRR)/(2 - BRR)

S

TOFF=(2-RAE-T

(BRR+VDRIF )- T2 - VDRIF)

/(2 -VDRIF)

1-

DETERMINE IF T1 A

T2 ARE GREATER T
MINIMUM IMPULSE

ND
HAN
TIME

( i1sT1-0,03NEG )

NO

| KLAG

YES

( 1s12-0.03NEG )

YES

KLAG3 =1

Page | of

ages

Figure 16,- Continued,
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RETRO HIGH-SPEED ENTRY DIGITALS

Area WT Metrix BC EP

.- PRE PST AGC TRK
¢yt
i Art
$p1°
A1
rp
Ap
e ¢
| M2
Aot
Mt
i brp
'i Mp
f MISS
VL

Figure 17.- Retro high-speed entry digitals
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RETRO ELAPSED TIME DISPLAY

GETR

RET

PRE

PST

AGC

BANK
RETRB
RET EI
RET .05g
RET .2g

RET XG

RETGIHS

RETBBOL
RETEBO1
RETBBO2
RETEBO2
RETD
RETM
RETIC
RT l;OOK
(By - Rplgr
V.05¢g -
R.05¢g

Figure 18.- Retro elapsed time display.
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RETRO ELAPSED TIME DISPLAY - Concluded

GETR RET

PRE pPST AGC

RETEMS
VEMS , |

RNGEMS

MAX G
RET MAX G

Q7 + KDMIN

Figure 18.- Retro elapsed time display - concluded.
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STA ID

RETROFIRE DIGITALS

CM WT

GET

PLA Code

CLA Code

MAN Code

Area
Matrix
WT, TAR

R P Y
RO, PI, Ym
Ve, BT

VT, UAT

H
GMTI
GETI

RET )00k

Vio0x* Yu00K
BANK
RETRB

S M,
$p2 Mp
$1pr Mp

b1 g1,

AY AM

Flgure 19.- Retrofire digitals.




RFO ENTRY/MODE III DIGITALS

MATRIX

BN/ENT CODE

23

PRE

PST

TRK

™

v (xav)
V. (xav)
' (XAV)

GMT I
GET I
¢ ML

¢T

GETRB
VhooK -

GET )00k

YL00K

Figure 20.- RFO entry/mode III digitals.
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RFO ENTRY/MODE III DIGITALS - Concluded

WT MATRIX BN/ENT CODE

PRE PST TRK ™ | .
GET .058
GETBBO ~ _ 4 .
GETEBO ,
GETDD

Figure 20.~ RFO entry/mode III digitals - concluded.




GUIDANCE ENTRY/ABORT DIGITALS
&

WT ' MATRIX ENT CODE

PRE PST TRK ™

PROG VB NO

R, P. Y, SEP

R. P. Y, LOOK

R. P. Y, Xg

STATION ID

Figure 21.- Guidance entry/abort digitals. /
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